sensitive Ca2+ channels allow Calf to enter the cell and cause contraction. In cardiac muscle and connecting tissue, both electrical roles and replenishment of intracellular Ca2 + stores are probably major functions of the DHP-sensitive channels. An increase in the number of these channels in these tissues would be expected to increase smooth and cardiac muscle excitability and to increase the possibilities of cardiac dysrhythmia. Evidence for all these changes has been observed in tissues from animals treated chronically with ethanol, and their corollary is seen in the increased incidence of diseases such as hypertension and cardiac dysrnythmia in alcoholic patients. Again, it is likely that DHP Ca2+ antagonist drugs should be useful treatments against these conditions where these are related to alcohol abuse.
Long-term consequences of Ca'+ channel up-regulation
CaZ + is cytotoxic. Any prolonged increase in the entry of Ca2 + into cells has a potentially lethal effect on the cell concerned. A 2-fold increase in the number of the most important subtype (as far as entry of Ca2+ is concerned) of Ca2+ channels is a change with obvious serious implications for cell survival. The prolonged effect of alcohol administration to increase Ca2 + entry through voltage-activated CaZ + channels seems likely to increase the degenerative effects of Ca'+ on excitable tissues. As yet this hypothesis has not been tested, but there is some evidence, particularly from experimental cardiomyopathy [ 171, that an increase in DHP-sensitive Ca2+ channels precedes tissue damage. The ubiquitous nature of these channels and the importance of central and peripheral neuropathy, as well as cardiomyopathy and skeletal myopathy in alcoholic patients, suggests that this could be an important area for research into alcohol-related illness.
Conclusions
The presence of alcohol is inhibitory to excitable cells probably as a consequence of a reduction in the consequences of membrane depolarization. A possible short-term adaptive strategy for such cells is to increase the number of Calf channels on the cell membrane, a change which induces a latent hyperexcitability in these cells and which could therefore underlie many aspects of alcohol tolerance. However, this adaptation conveys not only alcohol adaptation, but also potentially harmful consequences. The most obvious of these is the temporal disparity between removal of the inhibitory effects of ethanol and the removal of the hyperexcitability due to Ca2 + channel up-regulation. This temporal disparity is a likely cause of the alcohol physical withdrawal syndrome and, if so, can logically be treated with DHP CaZ + antagonists.
Rather less certain, but possibly even more important, is the role of an increase in Ca2+ entry in the cytotoxic effects of chronic alcohol administration. Much of the alcoholrelated pathology in central and peripheral tissues could be explained on this basis, and it is essential that this possibility be investigated experimentally. This type of pathology is of considerable importance and there is no other convincing explanation based on cellular toxicity. There is much work to be done on the relationship between alcohol adaptation and cellular Ca2+ handling, but the rewards in terms of therapeutic manipulation of alcohol-related disease could be very great. Hopefully, this review will provide a platform for a broadly based investigation of this problem.
Electrically excitable cells must regulate intracellular Ca2 + levels in an efficient manner to maintain their ability to function effectively in excitation-response coupling. Several plasmalemmal CaZ + transport systems have evolved to control Ca2+ homoeostasis in these cells and thereby prevent the accumulation of cytoplasmic Ca2 + which would be cytotoxic. One such process is the Na-Ca antiport mechanism (for reviews see [l-S] ). This transport reaction functions in the transmembrane movement of one ion (e.g. N a + ) down its electrochemical concentration gradient coupled to the movement of another ion (e.g. C a 2 + ) in the opposite direction. Since Na-Ca exchange has been shown to be a completely reversible electrogenic transport reaction, operation of the carrier is controlled by the magnitude and orientation of transmembrane ion gradients and electrical potentials. In this Vol. 16 way, Na-Ca exchange can act as either a Ca2+ efflux pathway, or promote net Ca*+ influx, depending on prevailing cellular conditions. The Na-Ca exchange reaction was initially discovered in squid giant axon [6] , but has since been identified in a number of different excitable cells including brain, pituitary, heart, skeletal muscle, smooth muscle and visual transducing tissues. A distinct, non-electrogenic Na-Ca exchange mechanism has been described in mitochondria isolated from some of these sources (eg. heart and brain). The plasmalemmal system is also present in some non-excitable cells (e.g. kidney). Although the existence of Na-Ca exchange is well accepted, its precise physiological role in the various tissues in which it is found is still the subject of considerable controversy. Nonetheless, this transport system has been extensively studied and characterized in two of these tissues: squid axon [2] and heart [4, 5] .
Several approaches have been used to investigate the properties of Na-Ca exchange. This transport reaction has been studied at the level of the intact cell by either direct Ca2+ flux measurements or by recording currents associated with electrogenic operation of the transporter. In this way, Na-dependent W a 2 + movement has been demonstrated in atria (71, isolated embryonic myocytes 181 and squid axon [9] . Using electrophysiological techniques, Na-Ca exchange has also been monitored in cardiac myocytes [ 10-121 and squid axon [ 13) . Perhaps the simplest model system for the study of Na-Ca exchange, however, is the use of isolated plasma membrane vesicles derived from tissues of interest. This system has an advantage in that the transport reaction can be studied in isolation, away from other cellular mechanisms which modulate Ca2 + movement, binding and sequestration. Reeves & Sutko first described Na-Ca exchange in membrane vesicles by demonstrating that a cardiac sarcolemmal membrane preparation would accumulate Ca2 + in response to an outwardly directed Na+ gradient (141. Using this preparation, the Na-Ca exchange reaction has been demonstrated to be electrogenic [ 151, to be bidirectional [ 161 and to function with a stoichiometry of 3 Na+:l Ca+ [17] . The kinetics of the cardiac system have been extensively investigated [18] [19] [20] . These studies reveal that Na-Ca exchange has a very high transport capacity in heart and that operation of the carrier is kinetically symmetrical.
Based on vesicle flux measurements, a model has been proposed to describe the operation of the cardiac transporter [4, 21] . In this hypothetical scheme, two classes of ionbinding sites have been envisioned: a common site (A-site) at which either one or two Na+ or a single CaZ+ binds, and a second distinct site (B-site) at which the third Na+ that is transported interacts. Occupation of A-and B-sites by Na+ on one surface of the transporter is required for translocation of Ca2+ bound to an A-site on the opposite face of the membrane. It has also been postulated that occupation of an A-site by Ca2+ allows broader substrate specificity at the B-site, where it is presumed that alkali metal ions which stimulate rates of Ca-Ca exchange, a non-productive transport mode of this system, interact. This mechanism is similar to one proposed for Na-Ca exchange in squid axon 1221.
While investigations of this type have helped define the properties of Na-Ca exchange, its physiological role remains unclear. Most studies directed at addressing this question have been carried out in cardiac tissue. Unfortunately, the relative contribution of Na-Ca exchange, competing Ca2+ transport systems, intracellular sequestration mechanisms, and Ca2+ -binding reactions in maintaining cardiac Ca2+ homoeostasis have yet to be determined with precision. Also, the data that have been generated to date regarding these issues are very dependent on experimental conditions. It has been proposed on thermodynamic grounds that the Ca2+ efflux mode of Na-Ca exchange predominates in well polarized cardiac cells [4, 231, while net Ca2+ influx can occur during normal depolarization (eg. during the plateau phase of the cardiac action potential [24] ). However, because of uncertainties in the application of equilibrium thermodynamic arguments to situations in vivo where the intracellular ionic environment exists at a steady state, one cannot predict with certainty the predominant direction of Ca? + flux promoted by Na-Ca exchange in heart. Therefore, the extent to which Na-Ca exchange controls intracellular Ca2+ concentrations in either a direct fashion, or indirectly by modulating total intracellular Ca2+ stores, remains to be determined in heart, as well as in other tissues.
Nevertheless, many phenomena have been described which correlate with operation of Na-Ca exchange in intact cardiac tissue (for a review see [5] ). Measurements of intracellular Na+ and Ca2+ activities indicate that these values change in response to alterations in extracellular Na+ concentration in a manner which is consistent with a Na-Ca exchange mechanism. In addition, the positive inotropic effect produced by elevation of intracellular Na+ suggests that Na-Ca exchange can affect contractility by modulating cellular Ca2+ stores. Baker et al. originally speculated that this was the mechanism by which cardiac glycosides increase cardiac contractility 1251, and a number of new positive inotropic agents that promote intracellular Na+ loading by slowing inactivation of the Na+ channel also presumably elicit their effects in this fashion. Moreover, Na-Ca exchange has been implicated in certain pathophysiological conditions, all of which have in common elevation of intracellular Na+ .
For exam le, ouabain-induced arrhythmogenesis may result from Gas)+ overloading of the sarcoplasmic reticulum through action of Na-Ca exchange. Spontaneous fluctuations in intracellular Ca? + levels occur when this organelle is overloaded, and since intracellular Ca? + regulates the activity of various ion channels in the sarcolemma, such fluctuations could disrupt normal patterns of electrical activity leading to an arrhythmogenic condition [26] . In ischaemic heart tissue, Na+ levels are elevated and some of the cellular damage and subsequent arrhythmias which result during reperfusion injury are believed to be mediated by Ca2+ elevation through Na-Ca exchange [27] . The development of essential hypertension has been linked to Na-Ca exchange in smooth muscle 1281. In a hypothetical mechanism, the production of an endogenous Na+, K+-ATPase inhibitor in response to excessive Na+ and water retention is thought to inhibit Na + -pump activity in vascular smooth muscle, leading to intracellular Na+ elevation, subsequent Ca2 + influx and culminating in an increase in vascular tone and peripheral resistance. Although this scheme provides a mechanistic basis for the pathophysiology of essential hypertension, the endogenous Na+, K+-ATPase inhibitor has yet to be purified and the existence of Na-Ca exchange in vascular smooth muscle was, until recently, controversial.
It has been reported that Na-Ca exchange activity in membrane vesicle preparations from aorta [2Y] and other types of smooth muscle [30] is very low and that the sarcolemma1 Ca2 +-ATPase is the predominant plasmalemmal Ca2+ transport system in smooth muscle. We have re-investigated this issue using highly purified sarcolemmal membrane preparations derived from either bovine or porcine aortic smooth muscle [31] . The purity of these vesicles has been confirmed by monitoring several sarcolemmal marker activities during membrane purification (e.g. PN 200-1 10 binding as a marker for L-type Ca*+ channels, cyanopindolol binding representing /?-receptors and ouabain binding as a marker for Na+, K+-ATPase). When Na-dependent Ca2+ uptake is measured by filtration experiments, the vesicles are found to rapidly accumulate Ca2 + intravesicularly by a process that is completely reversible and dependent on the presence of a transmembrane Na+ gradient. A kinetic analysis of Na-Ca exchange activity determined using rapid time points to ensure initial rate conditions yields a K , for Ca2+ of about 7 ,/AM (internal Na-dependent Ca'+ uptake) and a K , for Na+ of about 25 mM (external Na-dependent Ca2+ efflux). These values are very similar to those recorded for the properties of Na-Ca exchange in cardiac sarcolemmal membrane vesicles. Importantly, the V,, for Ca2 + transport in vascular smooth muscle is very high, with a typical value of 1 nmol Ca2+ accumulated/s per mg of membrane protein. The range of V , , values in five different aortic sarcolemmal membrane preparations is between 0.5 and 3.5 nmol/s per mg of protein; values that are only approximately 5-10-fold lower than typical V , , values in purified cardiac sarcolemmal membrane preparations, the source with the highest level of Na-Ca exchange activity in vesicle systems. As has been described in heart, vascular smooth muscle Na-Ca exchange is electrogenic and inhibited in a similar fashion by two different structural classes of mechanism-based Na-Ca exchange inhibitors (see below). Most notably is that when Na-Ca exchange and Ca? +-ATPase activities are compared in the same membrane preparation under nearly identical experimental conditions, maximal activity of the former transport system is 5-10-fold greater than that of the latter. These results indicate that significant levels of Na-Ca exchange activity are present in aortic smooth muscle and suggest that this system is critically involved in controlling Ca? + homoeostasis in this tissue. Similar findings have been obtained with purified sarcolemmal membrane preparations from carotid artery (unpublished work) and tracheal smooth muscle [32] .
Studies on the physiological role of Na-Ca exchange in intact tissues have been hampered by lack of potent selective inhibitors with which to modulate activity of this transport system in vivo (for a review see (331). There are two approaches which could be used to identify inhibitors of Na-Ca exchange. The first is to investigate known transport inhibitors as potential blockers of exchange activity, while the second is to evaluate drugs with cardiovascular activities in the same fashion. Using the first approach, we found that several analogues of the diuretic amiloride, which itself blocks a number of different Na-dependent transport systems by functioning as a Na+ mimic, were potent inhibitors of Na-Ca exchange in plasma membrane vesicles derived from pituitary, brain and heart tissue [34] . These compounds could also be shown to inhibit Na-Ca exchange in intact cardiac myocytes and whole heart tissue [35-371. These agents are mechanism-based inhibitors and the mode of action of selected terminal guanidino-nitrogen substituted analogues of amiloride has been investigated in detail using cardiac sarcolemmal membrane vesicles [38] . These inhibitors block both internal Na-dependent Ca2+ uptake and external Na-dependent Ca2 + efflux with similar potencies. They are primarily non-competitive inhibitors versus Ca2 + although some competitive interactions are noted under certain ionic conditions or in the presence of high inhibitor concentrations. However, these agents are strictly competitive with Na+. Dixon analyses of Na-Ca exchange inhibition indicate that amiloride analogues function at more than one site on the transporter. Hill plots of inhibition are consistent with this idea and display biphasic behaviour with Hill coefficients of 1 and 2, at low and high inhibitor concentrations, respectively. These results indicate that amiloride derivatives interact at two sites on the carrier: at low concentrations they bind preferentially to the B-site, while at higher concentrations they also interact at the A-site. Therefore, these agents block carrier activity in a reversible fashion by tying up the transporter in a non-productive complex.
Upon investigating drugs with cardiovascular action, it has been noted that several Ca2+ entry blockers (e.g. verapamil, diltiazem and various dihydropyridines) will inhibit Na-Ca exchange in cardiac membrane vesicles [30-4 I] , although these agents are only marginally active at rather high concentrations. However, bepridil, a Ca2+ entry blocker and antiarrhythmic agent, is an effective inhibitor of Na-Ca exchange and its mode of action has recently been characterized [42] . The mechanism by which bepridil blocks Na-Ca exchange is different from that determined for the amiloride series of inhibitors. Bepridil causes partial inhibition of internal Na-dependent Ca2+ uptake, but complete block of external Na-dependent Ca2+ efflux. Its pattern of inhibition is strictly non-competitive versus Ca2+ under all conditions tested, but competitive versus Na+ , Dixon analyses of Na-Ca exchange inhibition caused by mixtures of bepridil and amiloride analogues demonstrate that these compounds produce a competitive interaction at a common carrier site that is evident only at low concentrations of amiloride inhibitors. Hill analyses of bepridil inhibition display monophasic behaviour with unitary Hill coefficients. Taken together, these results indicate that bepridil is a mechanism-based inhibitor of Na-Ca exchange and that this agent interacts exclusively at the B-site of the carrier, where amiloride analogues also preferentially interact. However, because bepridil binds only at the B-site of the transporter, its action results in novel patterns of Na-Ca and Ca-Ca exchange inhibition (i.e. partial block of transport activity under certain conditions) which may have significance in terms of the actual mechanism of the translocation reaction.
Although amiloride analogues and bepridil are effective blockers of Na-Ca exchange, each inhibitor class also functions as a blocker of L-type Ca2+ channels. This precludes the general use of such agents as probes of the contribution of Na-Ca exchange in Ca2+ homoeostasis of intact tissues. However, it is important to understand the action of these agents, and identify those structural classes of compounds which can function as mechanism-based inhibitors of transport, so that more selective blockers can be designed. Hopefully, other inhibitors will be discovered that will bind to the transport protein with high specificity at sites other than substrate binding sites. Recent attempts at purification of the cardiac Na-Ca exchange protein [43] and production of antibodies which inhibit function [44] are crucial in this respect. Whether new inhibitors are antibody reagents or natural product toxins, their use in elucidating the physiological role of Na-Ca exchange will be invaluable. Analysis of gating properties has been made possible by recent advances in electrophysiological technique{ which allow currents to be recorded from isolated single cells and membrane patches. In parallel with these studies, biochemical investigations have yielded important information about the biochemical pathways involved in K-channel gating.
The biochemical regulation of potassium channels

Phosphatidylinositol-4,5-biphosphate path way involvement
The products of phosphatidylinositol-4,5-biphosphate [PtdIns( 4,5 )P2] hydrolysis, namely inositol triphosphate (Ins P3) and diacylglycerol (DG), have been shown to modulate K channel activity by changing both the intracellular Ca2+ concentration and by activation of protein kinase C (PKC). It has been proposed that the subsequent regulation of neuronal excitability may be a general feature of receptors linked to inositol lipids (Berridge, 1986).
This suggestion followed early indications that DG produced a decrease in membrane K conductance through PKC activation in hippocampal pyramidal neurons (Baraban et  a[., 1985) , photoreceptors of Hermissenda (Farley & Auerbach, 1986 ) and bag cell neurons of Aplysia (Kaczmarek & Strumwasser, 1984) , by decreasing both Cazf-sensitive and voltage-sensitive K currents. Such K channel closure, especially that of the voltage sensitive, rapidly inactivating ' A' channels of Hermksenda photoreceptors, which are normally open at the resting membrane potential (RMP), results in a net excitation (Hille, 1984) .
Bradykinin-induced generation of InsP, has been implicated in the activation of Ca2+-dependent K channels which
